Prostate cancer (PCa) is the second leading cause of cancer-associated death in men. Inflammation has been recognized as a risk factor for this disease. Heme oxygenase 1 (HO-1), the inducible isoform of the rate-limiting enzyme in heme degradation, counteracts oxidative and inflammatory damage. Here, we investigated the regulated expression of HO-1 and its functional consequences in PCa. We studied the effect of genetic and pharmacologic disruption of HO-1 in the growth, invasion, and migration in androgen-sensitive (MDA PCa2b and LNCaP) and androgen-insensitive (PC3) PCa cell lines. Our results show that HO-1 levels are markedly decreased in PC3 compared with MDA PCa2b and LNCaP. Hemin treatment increased HO-1 at both protein and mRNA levels in all cell lines and decreased cell proliferation and invasion. Furthermore, overexpression of HO-1 in PC3 resulted in markedly reduced cell proliferation and migration. Accordingly, small interfering RNA-mediated silencing of HO-1 expression in MDA PCa2b cells resulted in increased proliferation and invasion. Using reverse transcription-quantitative PCR-generated gene array, a set of inflammatory and angiogenic genes were upregulated or downregulated in response to HO-1 overexpression identifying matrix metalloprotease 9 (MMP9) as a novel downstream target of HO-1. MMP9 production and activity was downregulated by HO-1 overexpression. Furthermore, PC3 cells stably transfected with HO-1 (PC3HO-1) and controls were injected into nu/nu mice for analysis of in vivo tumor xenograft phenotype. Tumor growth and MMP9 expression was significantly reduced in PC3HO-1 tumors compared with control xenografts. Taken together, these results implicate HO-1 in PCa cell migration and proliferation suggesting its potential role as a therapeutic target in clinical settings. (Mol Cancer Res 2009;7(11):1745-55) 
Introduction
Prostate cancer (PCa), one of the most common cancers in men, is considered a lethal malignancy with increasing incidence worldwide (1) . The pathogenesis of PCa reflects both hereditary and environmental components. It has recently been recognized that inflammation, triggered by infectious agents or exposure to environmental factors, increases PCa tumorigenesis (2) . The molecular mechanisms that underlie the pathogenesis of cancer-associated inflammation are complex and involved a delicate interplay between Th1, Th17, and CD8+ effector cells and several types of T-regulatory cells in the tumor microenvironment (3) . Cytokines, chemokines, and matrix metalloproteases (MMP) constitute a proinflammatory network that directly contributes to malignant progression (4) . Several chemokines were found to be elevated in prostate cancer, a phenomenon which might be coupled to tumor growth and local invasion (5) . Enhanced MMP expression and activity has been correlated with PCa invasion, angiogenesis, and metastasis (6, 7) . In addition, highly reactive chemical compounds, such as reactive oxygen species, produced during inflammation, could cause oxidative damage to DNA in epithelial cells or react with other cellular components initiating a free radical chain reaction (8) , thus sustaining the prostate carcinogenic process (2) .
Heme oxygenases are the rate-limiting enzymes in heme degradation that catalyze the conversion of heme into carbon monoxide, iron, and biliverdin. Heme oxygenase 1 (HO-1) has protective functions and its anti-inflammatory, antiapoptotic, and antiproliferative capacities have been observed in several cell types (9) . Accumulating evidence indicates that HO-1 controls cell growth and proliferation in a cell-specific manner (10) . Hemin, a potent inducer of HO-1, mitigates inflammation via upregulation of HO-1, which correlates with reduced levels of proinflammatory cytokines (11) (12) (13) . HO-1 exerts its antiinflammatory effects by inhibiting leukocyte transendothelial migration during complement-dependent inflammation (14) . In a lipopolysaccharide-induced inflammatory angiogenesis, induction of HO-1 significantly inhibited leukocyte recruitment (15) . Hence, induction of HO-1 represents a key event in cellular responses to pro-oxidative and proinflammatory insults (16) .
HO-1 has been detected in several cancer cell lines (17) (18) (19) and tumors (20) (21) (22) (23) (24) , but its functional relevance is still controversial. Recently, we have reported the expression of HO-1 in human PCa (25) . These findings have shown, for the first time, that HO-1 expression and nuclear localization can define a new subgroup of prostate cancer primary tumors and that the modulation of HO-1 expression and its nuclear translocation could represent new avenues for therapy.
Here, we investigated the expression of HO-1 in androgensensitive and androgen-insensitive PCa cell lines and assessed whether its chemical or genetic disruption in vitro favored changes in cell proliferation, invasion, and migration. Furthermore, we also examined whether HO-1 expression might affect in vivo tumor growth by generating PC3 xenografts in nu/nu mice.
Results

HO-1 Expression in Androgen-Sensitive and -Insensitive Prostate Cancer Cell Lines
The endogenous expression levels of HO-1 protein were examined in three PCa cell lines: PC3 (derived from a bone metastasis, androgen-insensitive), LNCaP (derived from a lymph node metastasis, androgen-sensitive), and MDA PCa2b (derived from a bone metastasis, androgen-sensitive). We found high HO-1 expression in androgen-sensitive cell lines with the highest levels observed in MDA PCa2b (Fig. 1A) . The androgen response triggers oxidative stress (26) , and therefore, the high endogenous expression of HO-1 in LNCaP and MDA PCa2b cell lines may be associated with the maintenance of a homeostatic response. Total RNA was extracted, and HO-1 mRNA levels were analyzed by realtime PCR. Data were normalized to β-actin. One representative from at least three independent experiments is shown (*, P < 0.01, significant difference). C. Minimal HO-1 promoter region regulated by hemin. PC3 and LNCaP cells were transfected with the 4.9 kb promoter region of ho1 human wild-type or the same promoter region with the HO-CRE and MARE sequences mutated (HO4.9_M1LUC or HO4.9_M2LUC, respectively). After transfection, cells were maintained in complete medium (control) or stimulated with hemin (70μmol/L), lysed, and luciferase activity assay was done. Data were normalized to protein values. One representative from at least three independent experiments is shown (*, P < 0.05, significant difference).
Hemin Induces HO-1 Expression in Prostate Cancer Cell Lines
To investigate the functional relevance and regulated expression of HO-1, we further explored the ability of hemin to induce HO-1 expression in PCa cell lines. Treatment of MDA PCa2b, LNCaP, and PC3 cells with hemin resulted in greatly enhanced HO-1 expression at the protein level (Fig. 1B) . Remarkably, reverse transcription-quantitative PCR (RT-qPCR) revealed a 36.8-fold induction of HO-1 mRNA in PC3 cell line, whereas a 3.9-fold and a 6.3-fold induction was observed in LNCaP and MDA PCa2b, respectively (Fig. 1B) . MTS assay showed that cell viability was not affected by hemin at any concentration tested in all cell lines (data not shown). These results show that HO-1 may be chemically modulated in both hormone-sensitive and hormone-insensitive PCa cell lines. Moreover, the transcriptional activity of the HO-1 promoter (4.9 kb upstream of the HO-1 transcription start site: hHO4.9luc) was significantly induced by hemin in PC3 and LNCaP (Fig. 1C) . A construct containing the CRE site-mutated (hHO4.9_M1luc) or the MARE site-mutated (hHO4.9_M2luc), both antioxidant shown (columns, mean of triplicates; bars, SD; *, P < 0.05, significant difference). B. PC3, LNCaP, and MDA PCa2b cell invasion was measured using Matrigel-coated transwell culture inserts. Cells were seeded into the upper chambers and hemin (70 μmol/L) was included or not, as indicated. The bottom wells were filled with complete medium. Cells that had invaded to the underside of the inserts after 24 h of incubation were counted by light microscopy. Four fields of view from each insert were counted. One representative from at least three independent experiments is shown (columns, mean of eight fields of view; bars, SEM; *, P < 0.05, significant difference). C. Representative phase-contrast images of the wound-healing assay. PC3 cells were grown to confluence into a monolayer in 35 mm Petri dishes. A linear scratch wound was done along the culture plate and cells were time-lapse-monitored every minute for 24 h.
D.
The uncovered wound area was measured at different intervals for 24 h and quantified using ImageJ 1.37v software (NIH). The graph represents the percentage of uncovered wound area taking the value at 0 h as100%. The migration rate was calculated as the slope of free wound area/time (points, mean of two independent experiments; bars, SD).
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Mol Cancer Res 2009;7(11). November 2009 response elements, completely abrogated hemin induction of luciferase activity in both cell lines (Fig. 1C) , suggesting that both antioxidant response elements are required for HO-1 induction by hemin. Altogether, these results indicate that HO-1 is regulated by hemin at the transcriptional and protein levels in PCa cells.
Hemin Decreases Proliferation and Invasion in Prostate Cancer Cells
To investigate whether HO-1 upregulation has an effect on PCa cell proliferation, we assessed 3 H-thymidine incorporation in hemin-treated and untreated cells. A significant decrease in cell proliferation was observed in hemin-treated PC3 (23%, P < 0.05), LNCaP (34.07%, P < 0.05), and MDA PCa2b cells (45.5%, P < 0.05; Fig. 2A ). Moreover, hemin treatment significantly reduced the invasiveness of PC3 (68%, P < 0.05), LNCAP (68.13% P < 0.05%), and MDA PCa2b cells (51.7%, P < 0.05) when compared with their untreated controls (Fig. 2B ).
Hemin Decreases Migration in Androgen-Insensitive Prostate Cancer Cells
To evaluate the migratory capacity of PCa cells, we used an in vitro scratch wound assay. Confluent monolayers of hemintreated or untreated PC3 and MDA PCa2b cells were wounded. Wound closure was time-lapse-monitored every minute for 24 h as previously described (27) . Untreated PC3 cells migrated and almost covered the wound by 24 hours (uncovered wound area, 28.18%), whereas in hemin-treated PC3 cells, a significant area of the wound (47.6%) remained uncovered over the same period ( Fig. 2C ; Supplementary Videos 1 and 2). This finding is also illustrated as the migration rate (calculated as the slope of free wound area / time; Fig. 2D ) of PC3 control (slope = 3) and hemin-treated PC3 cells (slope = 2.1). In contrast, MDA PCa2b cells expressing high levels of endogenous HO-1 were unable to migrate during the time of the assay (Supplementary Video 3) and no changes in their migratory capacity were observed upon hemin treatment (data not shown). These results suggest that high basal HO-1 levels may reduce the migratory capacity of PCa cell lines.
Endogenous HO-1 Inhibits Proliferation, Migration, and the Invasive Capacity of Prostate Cancer Cells
To examine whether inhibition of proliferation, migration, and invasiveness is in fact due to HO-1 overexpression, we first generated stably transfected PC3 cells with pcDNA3HO-1 (PC3HO-1) or with pcDNA3 as control (PC3pcDNA3) and checked for HO-1 expression by Western blot and RT-qPCR ( Supplementary Fig. S3 ). HO-1 overexpression in PC3 decreased cell proliferation (42%; Fig. 3A ), reduced cell migration (uncovered wound area after 24 hours, 75.82% versus 28.2%, PC3pcDNA3 and PC3HO-1, respectively) and the migration rate (PC3pcDNA3 slope = 3 versus PC3HO-1 slope = 0.98; Fig. 3C ). However, no changes were observed in the invasive potential of these cells (data not shown). Because MDA PCa2b cells already express substantial levels of HO-1, we sought to knock down HO-1 in vitro using HO-1 small interfering RNA (siRNA). Noteworthy, siRNA-mediated silencing of HO-1 mRNA levels (>70%; Supplementary Fig. S3 ) significantly enhanced cell proliferation and upregulated the invasive into a monolayer in 35 mm Petri dishes. A linear scratch wound was done along the culture plate and cells were time-lapse-monitored every minute for 24 h. The uncovered wound area was measured at different intervals for 24 h and quantified using ImageJ 1.37v software (NIH). The graph represents the percentage of uncovered wound area taking the value at 0 h as 100%. The migration rate was calculated as the slope of free wound area/time (points, the mean of two independent experiments; bars, SD).
potential (50% and 71%, respectively; P < 0.05) of MDA PCa2b cells ( Fig. 3A and B) . However, no detectable changes were observed in the migration of MDA PCa2b cells under similar conditions (Supplementary Video 4). Given the apparent strong antimigratory effect of HO-1 and the high basal levels in MDA PCa2b cells, a further reduction on HO-1 may be required to achieve an effect in the migration properties of these cells. In addition, the technique may not be sensitive enough for the detection of very small changes in cell kinetics.
Identification of Potential HO-1 Gene Targets
To identify potential HO-1 gene targets which may provide an alternative mechanism for the observed effects, we analyzed the differential gene expression profile of MDA PCa2b and PC3 cells, focusing mainly on genes implicated in inflammation and angiogenesis. A total of 55 of the 113 genes were assessed which showed a difference of at least 2-fold between the expression values of the androgen-sensitive and the androgeninsensitive cell line ( Fig. 4 ; Supplementary Table S1 ). Matching downregulated genes were observed between MDA PCa2b compared with PC3 and PC3HO-1 compared with PC3pcDNA3 including angiopoietin 1 (ANGPT1), angiopoietin-like 3 (ANGPTL3), the chemokines (CXCL1, CXCL10, CXCL3, and CXCL5), c-fos-induced growth factor (FIGF), interleukin 6 (IL-6), interleukin 8 (IL-8), MMP9, thrombospondin 1 (THBS1), and vascular endothelial growth factor A (VEGFA). On the other hand, only inhibitor of DNA binding 3 protein (ID3) was upregulated when comparing MDA PCa2b to PC3 and PC3HO-1 to PC3pcDNA3. Similar findings were obtained in a second independent experiment. These results suggest that genes involved in inflammation and angiogenesis are mainly associated with overexpression of HO-1.
HO-1 Decreases MMP9 Expression and Activity in Androgen-Insensitive Prostate Cancer Cells
We subsequently focused our studies on MMP9 because this metalloproteinase has been implicated together with other MMPs in cancer cell migration and invasion (28) . The gene array showed that the expression of MMP9 was lower in MDA PCa2b (35-fold) compared with PC3 and PC3HO-1 (9.7-fold) compared with PC3pcDNA3 ( Fig. 4 ; Supplementary Table S1) suggesting a negative correlation between MMP9 and HO-1 expression. Downregulation of MMP9 expression in PC3HO-1 was further confirmed by RT-qPCR (Fig. 5A) . Moreover, hemin treatment in MDA PCa2b and LNCaP cell lines significantly reduced MMP9 expression at the transcriptional level (85.55% in LNCaP, P < 0.05; 26.29% in MDA PCa2b, P < 0.05) when compared with their untreated controls (Fig. 5B) . The percentage of decrease in MMP9 expression in MDA PCa2b was lower than in LNCaP as expected, given the high HO-1 endogenous levels of this cell line.
To determine the effects of HO-1 overexpression on MMP9 activity, we collected conditioned medium from PC3HO-1 and PC3pcDNA3 cells and a zymographic analysis was done. A significant decrease (44.1%, P < 0.05) in MMP9 activity in HO-1-transfected cells (Fig. 5C ) was observed. These results clearly indicate that overexpression of HO-1 correlates with decreased MMP9 expression and activity in PC3 cells. by HO-1 by microarray analysis. RT-qPCR Oligo GEArray Human Angiogenesis Microarray analysis was done for RNA samples from PC3, MDA PCa2b, PC3pcDNA3, and PC3HO-1. Data were normalized to B2M, HPRT1, RPL13A, GAPDH, and ACTB genes and two independent experiments were done. Comparisons between MDA PCa2b versus PC3 and PC3HO-1 versus PC3pcDNA3 were analyzed. Genes with expression levels higher than 2 were considered upregulated (red boxes), lower than −2 were considered repressed (green boxes), or genes with no significant difference between comparisons (black boxes).
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To further document the role of HO-1 in MMP9 expression, we depleted HO-1 in MDA PCa2b by siRNA-mediated strategies. The decrease of HO-1 resulted in a more than 2-fold increase in MMP9 mRNA, as detected by RT-qPCR analysis (Fig. 5A) . Therefore, inhibition of HO-1 expression resulted in the upregulation of MMP9 expression. Finally, we assessed the effect of hemin on MMP9 activity and a striking 88.5% and 96.11% reduction in PC3 and LNCaP, respectively, was observed by zymography (Fig. 5C) . These results further confirm that MMP9 is significantly modulated by HO-1. Thus, MMP9 is a downstream target of HO-1 in PCa cells.
Downregulation of MMP9 Expression Correlates with Reduced Growth of HO-1 Overexpressing Prostate Cancer Xenografts
To further determine the role of HO-1 in vivo, we injected s. c. 3.5 × 10 6 PC3HO-1 and PC3pcDNA3 cells in the right flank of athymic nude nu/nu male mice. Tumors developed in all mice injected. Their volumes were measured every 2 days starting at 8 days after inoculation, when the tumors became detectable under the skin. No significant difference was observed in body weight for mice bearing PC3HO-1 and PC3pcDNA3 tumors (data not shown). Tumor growth was reduced by an average of 58.6% (P < 0.05) in PC3HO-1-bearing mice (volume, 49 mm 3 ) 23 days after xenograft generation, compared with tumors induced by PC3pcDNA3 (volume, 118 mm 3 ; Fig. 6A ). Furthermore, in tumors of both groups, mitotic figures of normal and abnormal features were evident; showing a reduced mitotic index in PC3HO-1 compared with PC3pcDNA3 [the mitosis per high-power field (40×) average was of 1 to 3 in PC3HO-1 tumors and of 4 to 6 in PC3pcDNA3 tumors; Fig. 6B ], in accordance with the reduced proliferation rate observed in the in vitro assays (Fig. 2) .
To investigate the levels of MMP9, mRNA was extracted from the tumors and RT-qPCR was done. MMP9 levels were significantly lower (P < 0.05) in PC3HO-1 xenografts compared with PC3pcDNA3 tumors (Fig. 6C) . Furthermore, immunohistochemical analysis of PC3pcDNA3-generated tumors showed high MMP9 expression and negative HO-1 immunostaining. MMP9 immunoreactivity was exclusively cytoplasmic MDA PCa2b scrambled siRNA and MDA PCa2b siRNAHO-1 cells were cultured in complete medium for 48 h, and then total RNA was extracted. MMP9 mRNA levels were analyzed by real-time PCR. Data were normalized to β-actin. One representative from at least three independent experiments is shown (*, P < 0.01, significant difference). B. LNCaP and MDA PCa2b cells were treated with hemin (70 μmol/L) for 24 h, and then total RNA was extracted. MMP9 mRNA levels were analyzed by real-time PCR. Data were normalized to β-actin. One representative from at least three independent experiments is shown (*, P < 0.01, significant difference). C. Gelatin zymography was done on conditioned media from PC3pcDNA3, PC3HO-1, PC3, PC3 treated with hemin, LNCaP and LNCaP treated with hemin to assess MMP9 activity. Clear bands were quantified using ImageJ 1.37.v software (NIH) and normalized to total protein. One representative from three independent experiments is shown (*, P < 0.05, significant difference).
and positive in five out of five tumors of PC3pcDNA3 group (Fig. 6D , top left and middle) whereas HO-1 expression was negative in five out of five tumors of the same group (Fig.  6D, bottom left) . Conversely, no MMP9-positive immunostaining (zero out of five tumors) was detected in PC3HO-1 tumors (Fig. 6D, top right) . Accordingly, HO-1 expression was positive in all the xenografts generated (five out of five) in the PC3HO-1 group (Fig. 6D, middle and bottom right) . Cytoplasmatic and nuclear positive HO-1 was detected in PC3HO-1 tumors (Fig. 6D, middle and bottom right) . The nuclear staining of HO-1 was further detected by Western blotting (data not shown), and confirmed our previous findings both in human primary prostate carcinomas and hemin-treated PCa cells (25) . The results presented here clearly indicate that HO-1 plays an important role as an intermediate molecule connecting MMP9 and PCa progression.
Discussion
Understanding the biological mechanisms involved in androgen-independent tumor progression and metastasis has emerged as a fundamental issue in PCa research (2) . Induction of HO-1 seems to be a fundamental cell defense process to insults from the environment such as stress stimuli (9) . The antiinflammatory effects of HO-1 seem to protect cells, tissues, and even whole organs from these environmental alterations. Murine cells lacking HO-1 are susceptible to the accumulation of free radicals and to oxidative injury in vitro and in vivo (29) . Human HO-1 deficiency results in high levels of endothelial damage and prolonged inflammation (30, 31) .
Different human cancers express high levels of HO-1 and controversial opinions have emerged on whether it provides growth advantages to tumor cells (32) . Previous reports have associated HO-1 with prostate carcinogenesis (25, 33) . However, the role of HO-1 in PCa has yet to be elucidated.
The data presented here shows that androgen-sensitive cell lines, MDA PCa2b and LNCaP, have higher endogenous levels of HO-1 compared with PC3 cells (Fig. 1A) . Increasing evidence has shown that HO-1 participates in maintaining the cellular homeostasis (34) . Therefore, the lack of HO-1 expression in PC3 could account for the augmented metastatic capacity reflected in its increased ability to proliferate, migrate, and invade. Thus, it is reasonable to hypothesize that HO-1 is implicated in the modulation of these cellular processes. We have shown that hemin-induced HO-1 decreased the proliferation and invasion of PCa cells (Fig. 2) . Moreover, we time-lapse-monitored PC3 cells and showed for the first time the reduced motility of these cells following hemin treatment ( Fig. 2 ; Supplementary  Videos 1 and 2 ). This observation is in accordance with the low motility observed in MDA PCa2b, which is likely to be related to the high basal expression of HO-1.
To elucidate the involvement of HO-1 in these cellular processes, we generated PC3HO-1 stably transfected clones and confirmed that HO-1 overexpression significantly reduced PC3 cell proliferation and migration (Fig. 3) . However, no reduction in cell invasion could be detected. In addition to HO-1 induction, hemin modulates other genes as well (e.g., adhesion molecules), many of which influence important cellular processes (35) . These could account for the differential invasive response of hemin-treated PC3 and PC3HO-1.
To assess the consequences of HO-1 deficiency, most studies have used synthetic heme analogues such as protoporphyrins, which are not specific for HO-1 and have the paradoxical effect of inducing HO-1 expression (32). Thus, we specifically knocked down HO-1 expression in vitro by siRNA-mediated strategies (36) , which resulted in a significant increase of MDA PCa2b cell proliferation and invasion (Fig. 3) . No modification in the reduced motility of these cells was detected by HO-1 silencing, probably due to the limitation of the technique to detect minor kinetic changes. Alternatively, the reduced levels of HO-1 induced by siRNA-mediated targeting were not sufficiently low to achieve an apparent increase in tumor cell motility. It is possible that HO-1 acts as a rheostat controlling cell proliferation, migration, and invasiveness in response to stress. Further kinetic studies will be necessary to address this issue.
The metastatic spread of PCa cells and the ability to survive when reaching the metastatic microenvironments is affected by growth factors, chemokines, adhesion molecules, angiogenic factors, and hormones (2) . In this context, the present study sought to correlate the constitutive expression of genes associated with angiogenesis and inflammation in the MDA PCa2b and PC-3 cell lines, and analyze their expression following HO-1 genetic modulation. We identified a set of matching genes which were downregulated when comparing PC3HO-1 to PC3pcDNA3 and MDA PCa2b to PC3: ANGPT1, ANGPTL3, CXCL1, CXCL3, CXCL10, and CXCL5, FIGF, IL6, IL8, MMP9, THBS1, and VEGFA. On the other hand, only ID3 was upregulated (Fig. 4) . These data suggest that modulation of a set of genes implicated in angiogenesis and inflammation are directly related to HO-1 expression. Taking into account that the expression of HO-1 is regulated predominantly at the transcriptional level (32) and that recent studies have revealed the nuclear localization of the HO-1 protein pointing to its role as a potential transcription factor or coregulator (25, 37) , further studies are warranted to investigate the potential signaling pathways triggered by HO-1 overexpression.
The MMPs are regulators of cell growth, migration, and extracellular matrix remodeling (38) , and have been shown to be required for prostate tumor cell invasion and angiogenesis (6) . Previous studies have linked MMPs to the metastatic potential of these cell lines and proposed the importance of finding specific target genes controlling MMPs (39) . In the present report, we identified MMP9 as a novel downstream target of HO-1 by demonstrating that HO-1 overexpression in PC3 and LNCaP cells markedly inhibited MMP9 expression and activity (Fig. 5) . Moreover, HO-1 ablation in MDA PCa2b resulted in the upregulation of MMP9 expression (Fig. 5) . These results further confirm that MMP9 is significantly modulated by HO-1. Recently, Notch1 was involved in human prostate cancer invasion and it was shown that silencing of NOTCH1 inhibited the invasion of human PCa cells by inhibiting the expression of MMP9 and urokinase plasminogen activator (40) .
A striking finding of our study comes from the in vivo experiments. We found that tumor growth receded in PC3HO-1-bearing mice compared with tumors induced by PC3pcDNA3 (Fig. 6A) . Furthermore, a reduced mitotic index was observed in PC3HO-1 compared with PC3pcDNA3 tumors (Fig. 6B ), in accordance with the reduced proliferation rate observed in vitro (Fig. 3A) . MMP9 levels were significantly lower (P < 0.05) in PC3HO-1 xenografts compared with PC3pcDNA3 tumors observed by RT-qPCR and immunohistochemistry analyses ( The overwhelming majority of PCa deaths occur in patients with metastases (6) . Therapy of metastases should be focused not only on the intrinsic growth and survival properties of tumor cells, but also on the homeostatic factors that control tumor cell migration, invasiveness and angiogenesis. In this scenario, HO-1 emerges as a novel target for the prevention of PCa progression.
Materials and Methods
Cell Culture and Antibodies
LNCaP and PC3 cells were obtained from the American Type Culture Collection and were routinely cultured in RPMI 1640 (Invitrogen) supplemented with 10% fetal bovine serum. MDA PCa2b cells were propagated in BRFF-HPC1 medium (AthenaES), supplemented with 50 μg/mL of gentamicin, and 20% (v/v) fetal bovine serum. PC3HO-1 and PC3pcDNA3 were generated as described in Supplementary Methods. The antibody anti-HO-1 was from Stressgen Biotechnologies, Corp., anti-actin-β was from Sigma, and anti-mouse secondary antibody was from Amersham, Ltd.
Plasmids
hHO4.9luc, hHO4.9_M1luc, and hHO4. siRNA Transfection siRNA was synthesized in 2′-deprotected, duplexed, desalted, and purified form by Sigma. The sense and antisense sequences of human HO-1 siRNA were obtained from prior publications (refs. 42, 43 ; sense, 5′-GGAGAUUGAGCGCAACAAGdTdT-3′ and antisense 5′-CUUGUUGCGCUAAAUCUCCdTdT-3′). siRNA scramble (Dharmacon) was used as a negative control. MDA PCa2b were grown in 60 mm plates until 50% to 60% of confluence and transfected using LipofectAMINE 2000 reagent (Invitrogen) in medium without fetal bovine serum. After 5 h of incubation, 20% fetal bovine serum/BRFF-HPC1 medium was added. Proliferation, invasion, and migration assays were done 72 h posttransfection.
Luciferase Assay
PC3 and LNCaP cells were transfected by the calcium phosphate method with the 4.9-kb promoter region of HO-1 human wild-type or the same promoter region with the HO-CRE and MARE sequences mutated (HO4.9_M1LUC or HO4.9_M2-LUC, respectively). After transfection, cells were maintained in complete medium (control) or stimulated with 70 μmol/L of hemin. Cells were then incubated in Reporter Lysis Buffer (Promega) and luciferase activity was determined by the Luciferase Assay system (Promega) in a HIDEX luminometer. Data were normalized to total protein determined by the Bradford assay.
Immunoblotting
PCa cells were treated or not with hemin (30-70 μmol/L, 24 h) and lysed with CelLytic M Cell Lysis Reagent (Sigma) and Western blot was done as described in Supplementary Methods.
Zymography
MMP9 activity was analyzed by gelatin zymography as described previously (44) and slightly modified (Supplementary Methods).
RNA Isolation and RT-qPCR
Total RNA was isolated with the RNeasy Mini Kit (Qiagen). cDNAs were synthesized with Omniscript Reverse Transcriptase (Qiagen) and used for real-time PCR amplification with Taq HotStart master mix kit (Qiagen; ref. 45 ). Primers were designed to amplify a 100-bp region present in the fully mature RNA species of HO-1 (5′-GAGTGTAAGGACCCATCGGA-3′ and 5′-GCCAGCAACAAAGTGCAAG-3′); MMP9 (5′-AGACCTGGGCAGATTCCAAACC-3′ and 5′-GCAAAGG-CGTCGTCAATCACC-3′); VEGFA (5′-GCCTTGCCTTGCT-GCTCTACC-3′ and 5′-GTGATGATTCTGCCCTCCTCC-TTC-3′); VEGFC (5′-AGGCTGGCAACATAACAGAGAAC-3′ and 5′-GCGACTCCAAACTCCTTCCC-3′) and ACTB (5′ CGGTTGGCCTTAGGGTTCAGGGGGG-3′ and 5′-GTGGG-CCGCTCTAGGCACCA-3′). Each PCR was done in duplicate and the experiment was repeated at least thrice (DNA Engine Opticon; MJ Research). Data were analyzed by Opticon-3 software and normalized to actin β (ACTB). Errors were calculated as previously described (44) .
Cell Proliferation and Invasion
Cell proliferation was quantified using [ 3 H]thymidine incorporation as described in Supplementary Methods. Cells were analyzed for invasion through Matrigel chambers as described previously (46) and slightly modified (Supplementary Methods).
Cell Migration
Cell migration was measured by a wound assay as described previously (47) . Briefly, the cells were seeded in 35 mm Petri dishes and cultured until confluence. The cells were then scraped with a 200 μL micropipette tip, denuding a strip of the monolayer. The cells were time-lapse-monitored every minute for 24 h in the set-up previously described (27) . The uncovered wound area was measured and quantified at different intervals for 24 h with ImageJ 1.37v (NIH). The migration rate was calculated as the slope of free wound area/time.
RT-qPCR Microarrays
RNA from PC3, PC3HO-1, PC3pcDNA3, and MDA PCa2b were isolated as described above. Samples were then submitted to SuperArray Bioscience Corporation to perform RT-qPCR Oligo GEArray Human Angiogenesis Microarray analysis. One hundred and thirteen genes were analyzed. Data were normalized to B2M, HPRT1, RPL13A, GAPDH, and ACTB genes and two independent experiments were done. Genes with expression levels higher than 2 were considered upregulated and lower than −2 were considered repressed.
Human Prostate Cancer Xenograft Model
Six-to 8-wk-old male athymic nude (nu/nu) mice, each weighing at least 20 g, were purchased from CONEA (Comisión Nacional de Energía Atómica/Centro Atomico Ezeiza/U. A. Aplicaciones Tecnologicas Y Agropecuarias/Bioterio, Buenos Aires, Argentina). Mice were used in accordance with the "Guidelines for the Welfare of Animals in Experimental Neoplasia" (U.K. Coordinating Committee on Cancer Research). Mice were randomized into two groups: PC3HO-1 and PC3pcDNA3. Tumor cells (3.6 × 10 6 in 200 μL of RPMI) were injected s.c. in the right flank of athymic nude (nu/nu) male mice using a monoject 200 30-gauge × 1/2. Tumors were measured with a caliper starting at 8 d after inoculation, when the tumors became detectable under the skin. Their volumes were calculated using the formula π/6 × a × b 2 , where a is the longest dimension of the tumor, and b is the width. Twenty-three days after xenograft generation, before euthanasia, mice were anesthetized and tumors excised. Harvested tumors were snap-frozen in liquid nitrogen and subsequently processed for immunohistochemistry and RNA isolation.
Immunohistochemical Analysis
All tumors were processed and fixed using routinely established protocols and stained as previously described (25) . Briefly, immunohistochemistry was done using the streptavidinbiotin-peroxidase complex system LSAB + kit, horseradish peroxidase (DAKO). Endogenous peroxide activity was quenched using hydrogen peroxide in distilled water (3%). Antigen retrieval was done by microwaving. Tissue slides were incubated overnight with the following primary antibodies: monoclonal mouse anti-MMP9 (1:400) from Santa Cruz Biotechnology and rabbit polyclonal anti-HO-1 (1:50) from Stressgen Biotechnologies Corp.; this was followed by sequential incubations with biotinylated link antibody and peroxidase-labeled streptavidin complex. The peroxidase reaction was conducted, under microscope, using 3,3′-diaminobenzidine. Slides were counterstained with Mayer's hematoxylin and analyzed by standard light microscopy. Negative control slides were prepared by substituting primary antiserum with PBS. For semiquantitative analysis, the degree of staining was rated as high, moderate, low, or not detectable (3+, 2+, 1+, and 0, respectively); the staining was also observed for localization. Five tumors in the PC3HO-1 group and five tumors in the PC3pcDNA3 group were analyzed.
Statistical Analysis
All results are given as mean ± SD of "n" separate independent experiments unless stated otherwise. Student's t tests were used to ascertain statistical significance with a threshold of P < 0.05. Comparisons for in vivo experiments were made with one-way ANOVA followed by Dunnett's test, with P < 0.05 as the criterion for statistical significance.
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